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doi:10.1016/j.jtcvs.2003.11.031378 The Journal of Thoracic and CardioObjective: We sought to examine the influence on the brain, with or without old
infarction, of pH management during antegrade selective cerebral perfusion in a
canine model.
Methods: A cerebral infarct canine model was created by injecting a cylindrical
silicone embolus. Dogs that had obvious neurologic deficits and had survived for 4
weeks or more were included in the model. Deep hypothermia with antegrade
selective cerebral perfusion was performed in intact mongrel dogs (alpha-stat: group
A, n  6; pH-stat: group B, n  6) and mongrel dogs with infarctions (alpha-stat:
group C, n  6; pH-stat: group D, n  6). Maxillary vein saturation of oxygen,
venous-arterial lactate difference, and serum concentrations of malondialdehyde and
glutamate were measured and central conduction times and amplitude in somato-
sensory evoked potentials were assessed during the operation.
Results: During the experimental procedure, the maxillary vein saturation of oxygen
was significantly less (P  .05), whereas the venous-arterial lactate difference was
significantly greater (P  .05) in the cooling phase to 28°C in group C than in the
other groups. The pH-stat group showed significantly greater arterial PaCO2 and
lower pH than the alpha-stat group during the period between the cooling to 28°C
and the rewarming to 28°C (P  .05). Other intraoperative parameters did not show
any difference among the groups. In group C the serum concentrations of malon-
dialdehyde and glutamate significantly increased, as did the central conduction time,
whereas in both groups C and D the amplitude ratio decreased significantly.
Conclusions: This experiment suggests that pH-stat management during antegrade
selective cerebral perfusion provides more effective protection for a brain with old
infarction than alpha-stat management.
Neurologic complications after aortic arch operations have remark-ably decreased because of the improvements in the operativetechniques and methods of cerebral protection.1,2 Antegrade se-lective cerebral perfusion (ASCP) has been found to be the safestmethod of brain protection with respect to energy metabolism andtime limitation.3,4 Additionally, clinical practice has indicated that
ASCP, compared with other methods for cerebral protection, including deep hypo-
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Pthermic circulatory arrest (DHCA) with or without retro-
grade cerebral perfusion, can reduce cerebral injury during
aortic operations more effectively.5
A history of cerebrovascular disease, however, has been
shown to be an independent predictor of postoperative neu-
rologic complications in coronary artery bypass grafting6
and in the aortic arch operations assisted with DHCA
alone.7 Although our total arch operations assisted with
ASCP have shown a lower rate of mortality and morbidity,8
a multivariable analysis of 220 patients revealed that a
history of cerebral infarction should be regarded as an
independent predictor of postoperative neurologic dysfunc-
tion.9
Although our hospital has opted for alpha-stat manage-
ment during aortic arch replacement, it remains controver-
sial which pH management during ASCP with DHCA
should be adopted for patients with neurologic diseases
because, to our knowledge, no comparative studies of the
influence of pH management during ASCP have thus far
been reported.
Therefore in the present study we seek to determine the
effect of pH management during ASCP on brains with or
without old cerebral infarction in a canine model.
Materials and Methods
This study was approved by the Animal Care and Use Committee
of Hamamatsu University School of Medicine. All animals re-
ceived humane care in compliance with the “Guide for the Care
and Use of Laboratory Animals” published by the National Insti-
tutes of Health (National Institutes of Health publication no. 85-23,
received 1985) and the “Guidelines for Animal Experimentation”
formulated by Hamamatsu University School of Medicine (pub-
lished 1987, received 1991).
Infarct Model
Our technique for creating a cerebral infarct model has been
described previously.10 Briefly, after induction of general anesthe-
sia, the left common carotid artery, the left external carotid artery,
and the left internal carotid artery were exposed. Then one cylin-
drical silicone embolus was injected into the left internal carotid
artery through a small arteriotomy in the left common carotid
artery. Nonvisualization of the left middle cerebral artery (MCA)
in the angiogram after this treatment suggested that the embolus
was located in the proximal portion of the left MCA. After 12
hours, the dogs were evaluated with a neurologic scoring system
consisting of 5 grades (0, no neurologic deficit; 1, walks with a
limp or circles to the side with the lesion; 2, walks poorly and
stands but cannot support the body with a left limb held off the
ground; 3, cannot stand without support; and 4, dead) .11 The dogs
that had neurologic scores of 2 or 3 and had survived for 4 weeks
or more were included in the cerebral infarct model. In our earlier
study10 the histologic examination revealed that in this model
MCA occlusion induces old infarction in the basal ganglia in 4
weeks.
The Journal of ThoraciAnimal Preparation
After an intravenous injection of pentobarbital sodium (30 mg/kg),
tracheal intubation was performed, and mechanical ventilation was
started. A 19-gauge detaining needle was inserted into the right
brachial artery for measurements of blood pressure. A 4F catheter
was inserted into the right maxillary vein in a retrograde fashion
for venous blood gas analysis and for lactate measurement. An
additional dose of pentobarbital sodium (15 mg/kg) was given
before the beginning of rewarming.
Cardiopulmonary Bypass
After a median sternotomy and full heparinization (300 U/kg), an
arterial cannula was inserted into the ascending aorta, and 2 venous
cannulas were inserted into the superior and inferior venae cavae
to institute cardiopulmonary bypass (CPB). The perfusion system,
consisting of a roller pump and a membrane oxygenator (Senkoika
Corp, Tokyo, Japan), was primed with lactated Ringer solution. A
second dose of heparin (150 U/kg) was added before the beginning
of rewarming.
Measurement of Somatosensory Evoked Potentials
One-channel recordings were obtained on a Nicolet Compact
Four/CA 2000 (Nicolet JAPAN Corp, Tokyo, Japan). After shav-
ing, needle electrodes were attached to the sagittal suture, approx-
imately 2 cm dorsal from the coronal suture and in the upper
right-hand side of the sternum, and a reference electrode was fixed
to the right shoulder. The median nerve of the right forelimb was
exposed and stimulated with a bipolar stimulator. The pulse dura-
tion was 100 s, and the strength of the current was 2 to 5 mA with
a frequency of 5.1 Hz. The results of the 300 responses were
averaged with automatic artifact rejection by setting the filter
between approximately 5 and 1000 Hz. The central conduction
time (CCT), calculated as an interpeak latency of N2 (the second
negative wave) and N4 (the fourth negative wave), and the ampli-
tude ratio of N4 to N1 (the first negative wave) were measured by
using the cursor mode of a computer, and preoperative and post-
operative values were compared.
Experimental Protocol
Deep hypothermia with ASCP was performed in 24 mongrel dogs
separated into the following 4 groups: group A, intact alpha-stat
group (n  6); group B, intact pH-stat group (n  6); group C,
infarct alpha-stat group (n 6); and group D, infarct pH-stat group
(n  6). Before CPB, the first somatosensory evoked potential
(SEP) was recorded, and the first blood sample was obtained. After
hematocrit levels in the extracorporeal circuit became stable, the
second blood sample was obtained, and cooling was started. Pump
flow was maintained at approximately 50 to 80 mL · kg1 · min1
in accordance with the amount of venous return. For the pH-stat
group, the oxygenator received 5% carbon dioxide in a balance of
oxygen, and arterial pH and PaCO2 were maintained at constant
values during hypothermia. For the alpha-stat group, the oxygen-
ator received only oxygen, and arterial pH and PaCO2, measured at
37°C, were kept at 7.40 and at 40 mm Hg, respectively. After
cooling to 20°C rectal temperature, ASCP was initiated at a flow
rate of 10 mL · kg1 · min1 by clamping the proximal ascending
aorta, the left subclavian artery, and the descending aorta. The
lower half of the body was not perfused during ASCP. After 120
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Then rewarming up to 36°C rectal temperature was performed.
Differences between rectal and arterial temperatures were always
kept within 5°C in both the cooling and rewarming phases. Blood
gas analysis (STAT PROFILE PHOX; MC Medical, Tokyo, Ja-
pan) and lactate measurement (Lactate Pro; Kyoto Daiichi Kagaku
Corp, Kyoto, Japan) from the right brachial artery and maxillary
vein were performed on the following 8 occasions: (1) before the
operation; (2) 5 minutes after the initiation of CPB; (3) on reaching
28°C rectal temperature in the cooling phase; (4) on reaching 20°C
rectal temperature in the cooling phase; (5) 60 minutes after the
initiation of ASCP; (6) 120 minutes after the initiation of ASCP;
(7) on reaching 28°C rectal temperature in the rewarming phase;
and (8) on reaching 36°C rectal temperature in the rewarming
phase. A blood sample for serum malondialdehyde (MDA) and
glutamate analysis was centrifuged, and protein was extracted
from the serum. Then MDA measurement for this serum was
performed by means of thiobarbituric acid fluorescence (FP-777;
Nihon Bunko, Toyko, Japan), according to the method by Ohkawa
and colleagues.12 The serum glutamate measurement was per-
formed by means of a column packed with reverse-phase support
with a special device (PICO-TAG; Waters Corp, Milford, Mass).
The arteriovenous difference of oxygen (AVDO2) and venous-
arterial lactate difference (VALD) were calculated by means of the
following formulas:
AVDo2 (mmol/L) (1.34  Hgb  SaO2  0.0031
 PaO2)/2.24  (1.34  Hgb  SmvO2  0.0031
 PmvO2)/ 2.24 (1)
VALD (mmol/L) Lmv  La (2)
where Hgb is defined as hemoglobin, SaO2 is defined as arterial
saturation of oxygen, SmvO2 is defined as maxillary vein saturation
of oxygen, PmvO2 is defined as partial pressure of maxillary
venous oxygen, Lmv is defined as maxillary venous lactate, and La
TABLE 1. Preoperative physiologic variables
Intact group
Group A
(alpha-stat)
Group
(pH-st
Age (mo) 13.7 2.0 12.7
Body weight (kg) 14.8 1.1 15.2
Duration after CI (mo) None Non
Hematocrit (%) 36.0 1.9 35.0
BAP (mm Hg) 167.3 9.2 158.3
PaO2 (mm Hg) 115.7 7.4 115.2
PaCO2 (mm Hg) 36.0 9.2 29.2
Arterial pH 7.42 0.02 7.47
Arterial lactate (mmol/L) 1.78 0.56 1.15
Rectal temperature (°C) 36.5 0.3 37.1
CI, Cerebral infarction; BAP, brachial artery pressure.
*One-way analysis of variance.is defined as arterial lactate.
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The values are expressed as means  SE. A 1-way analysis of
variance was used for comparison among the groups. When the
1-way analysis of variance showed a significant difference, we
compared the 2 groups with the help of the Tukey honestly
significant difference test (HSD).
Results
Physiologic Variables
There were no significant differences in preoperative phys-
iologic variables among the groups (Table 1). In group C
(Table 2) SmvO2 was significantly lower (P  .05) and
VALD was significantly higher (P  .05, Figure 1) during
the procedure than in the other groups at 28°C in the cooling
phase. The pH-stat groups (groups B and D) showed sig-
nificantly higher arterial PaCO2 values and lower pH than
those in the alpha-stat group (groups A and C) during the
period from the cooling to 28°C to the rewarming to 28°C
(P  .05). Other parameters, including mean arterial pres-
sure, PaO2, AVDO2, average hematocrit (group A, 28.1% 
0.4%; group B, 27.7%  0.3%; group C, 27.6%  0.4%;
group D, 28.2% 0.4%; P .65), and the time required for
the cooling (group A, 60.7  5.9 minutes; group B, 52.2 
3.0 minutes; group C, 54.0  2.2 minutes; group D, 54.2 
4.6 minutes; P  .51) and rewarming (group A, 63.2  2.8
minutes; group B, 59.2  2.0 minutes; group C, 55.0  1.3
minutes; group D, 54.2  3.2 minutes; P  .58) phases did
not show any difference among the groups.
Serum MDA and Glutamate Concentrations
We examined the biochemical marker of ischemia during
the procedure. The preoperative value of serum MDA, a
marker of free radical production and lipid peroxidation of
membrane polyunsaturated fatty acid,13,14 and serum gluta-
mate did not show any difference among the groups. How-
Infarct group
P value*
Group C
(alpha-stat)
Group D
(pH-stat)
15.7 1.6 16.8 2.0 .53
15.0 1.7 16.7 2.5 .33
3.8 1.4 4.6 1.4 .72
36.5 1.6 33.5 0.6 .46
153.0 7.6 166.7 7.6 .46
101.7 9.0 122.7 5.3 .26
34.8 5.2 31.9 1.3 .10
7.44 0.02 7.46 0.01 .10
1.00 0.35 1.57 0.42 .57
36.3 0.3 36.3 0.2 .16B
at)
4.0
1.9
e
1.2
2.8
7.0
2.4
0.01
0.39
0.2ever, in group C the serum concentration of MDA signifi-
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Pcantly increased 120 minutes after the initiation of ASCP
and continued so until the end of experiment (Figure 2), an
early indication of brain ischemia. The serum concentration
of glutamate, on the other hand, was significantly higher
during the rewarming period at 28°C and 36°C (Figure 3),
showing ischemia in the brain.15,16
SEP
We tried to detect the functional impairment in the brain
TABLE 2. Intraoperative physiologic variables
Intact group
Group A
(alpha-stat)
Group B
(pH-stat)
MAP (mm Hg)
On CPB 76.3 3.8 66.7 3.8
Cooling 28°C 70.5 4.0 73.3 3.8
Cooling 20°C 59.7 3.5 63.3 1.7
ASCP 60 min 71.0 3.8 68.2 2.5
ASCP 120 min 74.7 4.5 69.8 2.5
Rewarming 28°C 72.3 3.6 73.7 5.0
Rewarming 36°C 78.7 5.1 74.5 2.3
PaO2 (mm Hg)
On CPB 192.5 4.6 186.0 3.7
Cooling 28°C 305.4 32.2 247.6 17
Cooling 20°C 701.5 29.4 643.6 30
ASCP 60 min 670.5 25.0 687.3 19
ASCP 120 min 689.2 29.0 705.4 23
Rewarming 28°C 396.1 48.3 425.3 26
Rewarming 36°C 149.7 18.5 144.3 15
Arterial pH
On CPB 7.38 0.02 7.40 0.0
Cooling 28°C 7.33 0.01 7.22 0.0
Cooling 20°C 7.36 0.02 7.17 0.0
ASCP 60 min 7.39 0.03 7.17 0.0
ASCP 120 min 7.39 0.02 7.15 0.0
Rewarming 28°C 7.36 0.02 7.24 0.0
Rewarming 36°C 7.35 0.02 7.40 0.0
PaCO2 (mm Hg)
On CPB 37.5 0.9 39.4 0.6
Cooling 28°C 41.8 2.1 64.3 1.0
Cooling 20°C 41.5 2.5 92.4 1.4
ASCP 60 min 37.2 1.5 95.9 2.8
ASCP 120 min 36.4 1.3 92.3 1.9
Rewarming 28°C 37.1 1.7 63.2 1.5
Rewarming 36°C 37.1 1.4 40.1 1.3
SmvO2 (%)
On CPB 75.4 2.80 78.2 1.4
Cooling 28°C 94.9 1.08 97.0 0.6
Cooling 20°C 98.5 0.02 99.4 0.2
ASCP 60 min 99.0 2.80 99.6 0.2
ASCP 120 min 98.4 0.48 99.3 0.3
Rewarming 28°C 96.5 0.93 98.4 0.3
Rewarming 36°C 87.0 2.54 93.0 0.8
MAP, Mean artery pressure; CPB, cardiopulmonary bypass; ASCP, antegr
*One-way analysis of variance.
†Comparison with Tukey HSD method between alpha-stat group (groups
‡Comparison with Tukey HSD method between groups B and C.during the experimental procedure. In group C, CCT was
The Journal of Thoracisignificantly prolonged after surgical intervention compared
with the preoperative value (Figure 4), indicating a delayed
transmission in the brain.17 In both groups C and D, the
experimental procedure also decreased significantly the am-
plitude ratio of N4 to N1 compared with the preoperative
value (Figure 5), suggesting that neuronal activity in the
sensory cortex17 decreased.
Discussion
Our previous work has examined, in animal models, the
Infarct group
P value*
Group C
(alpha-stat)
Group D
(pH-stat)
73.7 5.5 81.7 5.5 .19
69.7 3.8 77.2 4.7 .57
57.7 2.2 66.0 3.5 .20
68.2 3.5 63.0 1.9 .33
65.2 5.9 69.3 3.8 .51
70.7 4.7 73.7 4.0 .96
77.0 5.1 85.7 5.1 .37
179.1 9.1 173.2 16.2 .55
241.0 38.9 272.5 25.4 .42
566.2 33.6 596.0 72.3 .20
763.0 44.7 724.7 12.0 .12
757.4 2.99 704.5 23.2 .32
424.9 59.6 317.5 51.0 .36
141.6 9.4 153.2 17.1 .95
7.41 0.02 7.36 0.01 .27
7.35 0.02 7.19 0.02 .05†
7.34 0.01 7.15 0.01 .001†
7.35 0.02 7.17 0.01 .001†
7.35 0.01 7.15 3.8 .001†
7.34 0.01 7.21 0.03 .05†
7.34 0.02 7.41 0.02 .33
37.5 0.8 39.5 0.3 .10
41.2 1.7 66.7 1.9 .001†
42.8 2.1 91.7 2.4 .001†
39.7 2.0 94.9 3.7 .001†
37.7 1.9 91.3 3.5 .001†
37.8 3.4 72.4 3.2 .001†
37.5 3.2 43.0 1.0 .16
74.2 1.21 76.8 1.56 .48
91.3 2.36 95.9 0.48 .05‡
96.0 2.01 99.1 0.72 .16
99.5 0.31 99.2 0.66 .71
99.4 0.33 99.5 0.41 .23
98.1 0.64 96.5 1.58 .37
87.6 3.00 88.5 2.42 .30
elective cerebral perfusion; SmvO2, maxillary vein saturation of oxygen.
C) and pH-stat group (groups B and D)..1
.2
.3
.6
.6
.3
2
3
3
3
2
2
2
3
6
2
3
4
1
9
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A andeffect of aortic arch operations with ASCP by using alpha-
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CSPstat pH management on brains with old infarction and
pointed out that an accelerated anaerobic metabolism and an
increased glutamate release in animals with cerebral infarc-
tion10 was consistent with our clinical data.
Recent studies18-21 have suggested that during hypother-
mic CPB, the management for blood pH influences the
neurologic outcome after surgical intervention. In a neona-
tal animal model pH-stat management ensured less func-
tional disability and less neuronal cell damage in the neo-
cortex and hippocampal CA1 region after DHCA.18 In a
previous study in infants, pH-stat management revealed a
Figure 1. Levels of VALD. The values are shown acc
significantly increased at time course 3. *P < .05, diffe
 SE.
Figure 2. Changes of serum MDA concentration. The p
the time course (see in text). In group C the value sign
< .05, different from groups A and B; #P < .01, differen
SE.better recovery of the cerebral physiology after DHCA and
382 The Journal of Thoracic and Cardiovascular Surgery ● Septwas associated with lower postoperative morbidity, fewer
electroencephalographic seizures, and a faster recovery of
electroencephalographic activity.19 By contrast, another
randomized study suggested that alpha-stat management
decreased the incidence of postoperative cerebral dysfunc-
tion in adult patients undergoing coronary artery bypass
grafting operations,20 especially prolonging CPB time.21
Additionally, alpha-stat management preserves cerebral
blood flow autoregulation and optimizes cellular enzyme
activity. Therefore in the present study we sought to deter-
mine the influences of pH management with ASCP on brains
g to the time course (see in text). In group C VALD
from groups A and B. Values are expressed as means
ntages of preoperative value are shown according to
ntly increased from time course 6 to time course 8. *P
m groups A and B. Values are expressed as means ordin
renterce
ifica
t froin a canine model with or without old cerebral infarction.
ember 2004
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PIn the present study the animals in group C showed a
remarkable increase in parameters, including serum MDA
and serum glutamate concentrations. The increase of MDA
reflects a free radical production and subsequent lipid per-
oxidation of membrane polyunsaturated fatty acid and is an
early biochemical marker of ischemic brain injury.13,14 An
extracellular glutamate release from the neurons increases
in either anoxia15 or ischemia.16
We also observed a prolonged CCT and a decrease of the
N4/N1 amplitude ratio in the animals with old cerebral
infarction and the absence of any of these in the intact
animals. Previous studies have revealed that an impairment
Figure 3. Changes of serum glutamate concentration. T
to the time course (see in text). The concentration sign
different from groups A and B; #P < .01, different from
Figure 4. Changes in CCT after surgical intervention. T
CCT was significantly prolonged after the operation. I
significant level. *P < .05, different from groups A anof SEP was associated with a cerebral injury in permanent
The Journal of Thoraciischemic animal models.22 The prolonged CCT showed a
correlation with the size of the cerebral infarction22 and with
the outcome in patients with a traumatic brain injury.23
Taken together, the brain with old cerebral infarction
showed a functional impairment caused by ischemia during
ASCP, whereas the intact brain showed no sign of ischemic
damage independent of the method for pH management.
pH-stat recovered SmvO2 and VALD, decreased MDA
and glutamate concentrations in the serum, and improved
CCT in SEP examination in the animals with old cerebral
infarction. The results, especially the latter 3, indicate that
the management with pH-stat provides brain protection
rcentages of preoperative value are shown according
tly increased in group C after time course 7. *P < .05,
ups A and B. Values are expressed as means  SE.
rcentages of preoperative CCT are shown. In group C,
up D, CCT tended to increase, but it did not reach a
Values are expressed as means  SE.he pe
ifican
grohe pe
n gro
d B.against ischemia during ASCP. Strictly speaking, such pro-
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CSPtection might not be complete because the N4/N1 ratio in
SEP amplitude was still low, even in the animals with
pH-stat management.
In our earlier study10 VALD in the infarct group showed
a significant increase in the rewarming phase, whereas it
was not evaluated in the cooling phase. However, in the
current study the levels of VALD in group C significantly
increased in the cooling phase but not in the rewarming
phase. We presume one of the reasons why an accelerated
anaerobic glycolysis did not occur in the rewarming phase
of the present study was the maintenance of the difference
between the rectal and arterial temperature within 5°C dur-
ing experimental CPB.
In a brain with old infarction, cerebral ischemia can
occur in the peri-infarct area, in which the collateral blood
flow is insufficient to save the brain from ischemia (ie,
chronic penumbra). It is essential to increase the cerebral
blood flow to protect the brain against ischemia. It is con-
ceivable that management with pH-stat might increase ce-
rebral blood flow and provide neuroprotection in a brain
with old infarction. Miyamoto and colleagues24 have de-
scribed how pH-stat management mediates the vasodilata-
tion of cerebral arteries and increases cerebral blood flow,
thus proving advantageous in perfusions of brains with old
infarction. In a brain with old infarction, as already mentioned,
pH-stat management might provide more effective protection
against ischemia compared with alpha-stat management.
The reason why pH-stat management has not shown a
clear advantage in the clinical data21,22 remains unclear. The
fact is, however, that pH management during deep hypo-
thermic CPB in an adult has not as yet been fully examined.
The discrepancy between the clinical and experimental set-
Figure 5. Changes in N4/N1 ratio after surgical interve
shown. In groups C and D the N4/N1 ratio significant
groups A and B. Values are expressed as means  Stings cannot be noticed. In the present study we examined
384 The Journal of Thoracic and Cardiovascular Surgery ● Septthe effects of pH management in the animal with or without
old cerebral infarction that had been induced by occluding
the cerebral artery. Therefore the reactivity to hypercapnia
can remain functional in the vessels providing collateral
blood flow. On the other hand, in the patient with old
cerebral infarction, systemic arteriosclerosis can impair CO2
reactivity. Regional CO2 reactivity in patients with cerebral
artery or internal carotid artery occlusion was significantly
reduced.25 In some patients with cerebrovascular disease,
pH-stat management might fail to increase cerebral blood
flow in the ischemic area during cardiac surgery because of
poor CO2 reactivity. Consequently, the operative results
might not be as good as those obtained from this experi-
mental study.
On the basis of these results, we recommend that pH-stat
management can be adopted during ASCP in those patients
with old cerebral infarction in whom normal CO2 reactivity
is preserved. In the risky patients with a history of ischemic
stroke, the examination with single photon emission tomog-
raphy is useful to analyze CO2 reactivity, and it might
improve the results of cardiovascular surgery.
In conclusion, the present study has examined the influ-
ences of pH management with ASCP on canine brains with
or without old cerebral infarction. Cerebral ischemia oc-
curred during experimental CPB in the infarct group. pH-
stat management during ASCP proved more neuroprotec-
tive against ischemia than alpha-stat management, whereas
the influence of the pH management on the functional
outcome remains to be established.
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